The original method for the measurement of cardiac output by the indicator dilution technique required the timed collection of multiple samples of arterial blood and the subsequent estimation of the concentration of indicator in each sample (Hamilton et al., 1928) . The introduction of continuously recorded indicator dilution curves (Friedlich, Heimbecker, and Bing, 1950) greatly simplified the method but introduced problems of calibration. Sparling et al. (1960) described a simple method for calibrating indicator dilution curves, which avoids the need for any chemical or spectrophotometric analysis. In this "dynamic" method the indicator dilution curve from the patient is calibrated by comparison with a curve obtained in an ancillary calibration system. Evaluation of the dynamic method in a model (Emanuel and Norman, 1963) showed that flows calculated in this way agreed closely with direct measurements. Comparison of simultaneous cardiac output measurements from multiple arterial samples and from continuously recorded curves calibrated by the dynamic method showed satisfactory agreement in dogs .
The present study describes the use ofthe dynamic method of calibration in the repeated measurement of the cardiac output in man by the indicator dilution technique. The reliability of the method is confirmed by the demonstration that the calibration curves are reproducible when a linear recording system is used. Cardiac outputs obtained in this way are similar to measurements based on the Fick principle. A technique is described for applying the dynamic method of calibration to alinear recording systems.
SUBJECTS AND METHODS
Repeated measurements of cardiac output were made in 27 patients with ischamic or hypertensive heart disease.
Received February 28, 1967. 920 Small polyethylene catheters* were inserted percutaneously into the left basilic vein as far as the axilla, and into the right brachial artery for 5 to 10 cm., under local anaesthesia. Indocyanine green (3 or 4 ml. of 25 to 50 mg./100 ml. solution) was injected into the vein using a calibrated injection device and a 20 ml. flushing syringe. Arterial blood was withdrawn through a cuvette using a 50 ml. siliconized syringe in a syringe-puller with a constant withdrawal rate (Physics Workshop, St. Bartholomew's Hospital). Dye dilution curves were obtained by two methods. In 11 subjects a Gilford densitometer (Model 103 IR) and a Servoscribe potentiometric recordert were used, giving a linear response to increasing concentrations of dye. In 16 subjects the dye dilution curve was recorded with a Cambridge Mark II densitometer which had an alinear response. Blood passed through the cuvette into a hollow perspex block of 50 ml. capacity divided by an elastic membrane t to prevent blood entering the withdrawal syringe. The whole system was sterilized and filled with heparinized saline before use. After each measurement the blood was retumed to the patient by reversing the syringe puller. In this way many estimates of cardiac output can be made without blood loss. The part of the system that blood entered was flushed with heparinized saline after each measurement. For calibration by the dynamic method an indicator dilution curve must be obtained in a separate system with a known flow rate. An additional component inserted between the arterial line and the cuvette allowed the injection of a small quantity of dye and its subsequent spread to produce a curve of similar amplitude to that obtained from the patient. The calibration system ( Fig. 1) consisted of a short segment (4 cm.) of thick rubber tubing connected to a glass tube, 10 cm. long and 1 1 cm. in intemal diameter, filled with glass beads, 3 mm. in diameter, and with wire mesh at each end. The system was identical with that used by Emanuel et al. (1966) but the glass beads were not siliconized.
The calibration system was cleaned thoroughly after use and flushed overnight with a solution of hydrogen peroxide (10 vol. %). The components were then stored in a formalin cabinet. Before each study, the system was assembled under sterile conditions, flushed, and filled with heparinized saline. Calibration was performed by drawing blood through the calibration system to remove all saline. When the baseline recorded at the cuvette was steady, a known quantity, usually 10 or 20 microlitres (1l.), of the dye solution used for the patient curve was injected through the rubber tubing using a 50 il. Hamilton syringe. The rate of flow through the system was similar to that used for the patient curves and was measured accurately by timing the flow of 20 or 30 ml. saline into the withdrawal syringe with a stop-watch. Great care was taken to exclude air from the system as an expanding bubble may give an erroneous measurement of flow. After the calibration cur-e had been obtained the calibration system was disconnected and flushed with heparinized saline. The blood that had been withdrawn through the calibration system was returned to the patient in the usual way. The curve areas were measured by adding the heights of the curve at 1 sec. intervals, after the effect of recirculation on the patient curve had been eliminated by extrapolation of the initial exponential decay. Curves recorded with the Cambridge apparatus were read with the linearity correction grid provided by the manufacturer. The cardiac output is obtained by comparing the patient and calibration indicator dilution curves. In each case the area of the curve can be measured and the amount of dye injected is known. The blood flow (Q) in the patient or in the calibration system can be derived from the ratio of the amount of dye injected (I) and the area of the curve (A):
As the flow in the calibration system has been measured, the flow in the patient, i.e. the cardiac output, can be obtained by comparison:
I.I Q: QC: A AC where the subscript c refers to the calibration system. Therefore, Q IAxI, and Q=Q.x IXA.
As the ratios of the curve areas are used in the calculation these may be expressed in arbitrary units. Similarly, it is not necessary to know the concentration of the dye solution used. As the flow (Q,), amount of dye injected (IJ), and curve area (A,) for the calibration system are known, the formula for the cardiac output may be simplified to Q= Kc x I/A, where Kc = Q, x A,/I,, and is described as the calibration constant.
The resting cardiac output was estimated in a similar way in 10 patients with mitral or aortic valve disease during routine cardiac catheterization. The results were compared with cardiac output measurements by the Fick principle, which were obtained a few minutes after the indicator dilution curves. The oxygen content of pulmonary and brachial artery blood samples was measured by the method of Van Slyke and Neill (1924) , or by calculation from saturation measurements with the Kipp Hemoreflector*. Oxygen uptake was estimated from standard tables.
RESULTS
The reproducibility of the calibration constant (Kc) was determined from paired estimations in 15 subjects, using the linear recording system (Table I and Fig. 2 Table III shows 14 such comparisons in 9 subjects with between 2 and 6 cardiac output measurements separating the calibration curves. In 6 instances the mean of a pair of calibration measurements was used. There was on average nearly a 10 per cent reduction in the second calibration constant (Fig. 3) . Twelve cardiac output measurements by the Fick method in 10 subjects showed considerable agreement with the indicator dilution measurements over a wide range (from 2 6 to 6-2 1./min.) (Fig. 4 and Table IV ). In this part of the study only the linear recording system was used. On average the indicator dilution measurements were 3 per cent greater than the Fick measurements (SD 15%, r = 0.96).
DISCUSSION
The close agreement between pairs of calibration constants (Fig. 2) when a linear recording system (Gilford) is used is an indication of the reproducibility of the calibration curves, and shows that the flow rate and mixing properties of the calibration system are satisfactory. The method has the advantage that the calibration is obtained with freshly withdrawn blood from the subject being studied, under similar flow conditions to the indicator dilution curve from the patient. Errors due to Table II ).
group.bmj.com on June 15, 2017 -Published by http://heart.bmj.com/ Downloaded from changes in the properties of the blood are therefore avoided. The residual errors in the method are due to inaccuracies in drawing up small volumes of dye solution with the Hamilton syringe, in measuring the area of the calibration curve which tends to be of shorter duration than the patient curve, and in the estimation of the flow rate in the calibration system. Although the syringe-puller has, nominally, a constant withdrawal speed for a given setting of the controls, there are small variations due to changes in the resistance to flow so that separate measurement of the flow for each curve is desirable. Variations due to changes in the supply voltage or to the motor warming-up can be minimized by appropriate precautions. Changes in the flow rate in the calibration (Fig. 5) . The mean calibration constant is then used to calculate the cardiac outputs from the formula Q = Kc x I/A.
The reproducibility of the calibration constants with the alinear recording system (Cambridge) when there was no change in the background concentration of dye (Table II, Fig. 3 by Zijlstra et al. (1965) , the dynamic method can be used in an alinear system if the height of the calibration curve is similar to that of the patient curve. The alinearity of the vertical scale is then the same for the two curves, and as the ratio of the area measurements is used in the calculation no correction is necessary. We have applied this principle when using the Cambridge apparatus by adjusting the amount of dye injected for the calibration curve.
A close agreement between Fick and indicator dilution measurements of cardiac output is not to be expected on theoretical grounds (Taylor, 1966) . In particular, the indicator dilution method is more influenced by rapid variations in cardiac output as the measurements are completed in a few seconds. Our comparisons were not made with simultaneous measurements and under the circumstances the degree of agreement is satisfactory. Although there is considerable scatter, the agreement of the mean values for the cardiac output by the two methods is close. These findings are further evidence of the accuracy of the dynamic method of calibration of indicator dilution curves.
CONCLUSIONS
In our view the dynamic method of calibration is a considerable advance in the application of indicator dilution techniques. It allows rapid and accurate calibration of indicator dilution curves using the same methods of measurement as for the curve from the patient. The method is suitable for the repeated measurement of the cardiac output and may be used with automatic measurement of curve areas , which further increases the speed and convenience of the technique. It may also be applied successfully to alinear recording systems.
SUMMARY
The dynamic method of calibration of indicator dilution curves is based on comparison of the curve 8 from the patient with a similar curve from an ancillary system in which the flow is known. The method has previously been shown to give satisfactory results in a model circulation and for the measurement of the cardiac output in dogs.
Details of the use of the dynamic method in man are described. Close agreement between successive calibration curves indicates that the method is satisfactory. When a linear recording system is used there is no change in the calibration curve after injections of indicator. The application of the method to alinear recording systems is described.
Reasonable agreement is shown between cardiac output measurements based on the Fick principle and from indicator dilution curves calibrated by the dynamic method.
It is concluded that the dynamic method is an accurate and convenient way to calibrate indicator dilution curves for the repeated measurement of the cardiac output in man.
